Upon oral infection with Toxoplasma gondii cysts (76 K strain) tachyzoites are released into the intestinal lumen and cross the epithelial barrier causing damage and acute intestinal inflammation in C57BL/6 (B6) mice. Here we investigated the role of microbiota and IL-22 in T.gondii-induced small intestinal inflammation. Oral T.gondii infection in B6 mice causes inflammation with IFNγ and IL-22 production. In IL-22-deficient mice, T.gondii infection augments the Th1 driven inflammation. Deficiency in either IL22bp, the soluble IL-22 receptor or Reg3γ, an IL-22-dependent antimicrobial lectin/peptide, did not reduce inflammation. Under germ-free conditions, T.gondii-induced inflammation was reduced in correlation with parasite load. But intestinal inflammation is still present in germ-free mice, at low level, in the lamina propria, independently of IL-22 expression. Exacerbated intestinal inflammation driven by absence of IL-22 appears to be independent of IL-22 deficiency associated-dysbiosis as similar inflammation was observed after fecal transplantation of IL-22 -/-or WT microbiota to germ-free-WT mice. Our results suggest cooperation between parasite and intestinal microbiota in small intestine inflammation development and endogenous IL-22 seems to exert a protective role independently of its effect on the microbiota. In conclusion, IL-22 participates in T.gondii induced acute small intestinal inflammation independently of microbiota and Reg3γ.
INTRODUCTION
Inflammatory bowel diseases (IBD) are multifactorial with increasing prevalence resulting from environmental factors, genetic susceptibility, microbiota disturbance and immune dysregulation. 1 Crohn disease (CD), a type of IBD, may affect any part of the gastro-intestinal tract in contrast to ulcerative colitis which is restricted to the colon. Ileal CD immunopathology affects a majority of patients and can be mimicked in part by Toxoplasma gondii (T.gondii) infection administered by the oral route in C57BL/6 inbred mice (B6). [2] [3] [4] Oral infection with T. gondii cysts causes an acute lethal small intestine inflammation in B6 mice which is characterized by epithelial barrier disruption, neutrophil recruitment, activation of macrophages and inflammation. 5, 6 Inflammatory cytokines as Th17 cytokines including IL-22 are upregulated in IBD and IL-22 is expressed in inflamed colonic lesions and serum of patients with CD. [7] [8] [9] IL-22 expression is also increased in experimental colitis induced using Dextran Sodium Sulfate (DSS) in drinking water and in CD45RB hi transfer model. 10 The inflammation is exacerbated in IL-22 deficient mice or after treatment by anti-IL-22 antibody in DSS-induced colitis, 10, 11 illustrating the protective role of endogenous IL-22 into the colonic mucosa. IL-22 has also been shown to be required for appropriate response to the natural mouse intestinal pathogen Citrobacter rodentium.
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By contrast, a pathogenic role for IL-22 was identified in T.gondii intestinal inflammation induced by oral infection with 50-100 cysts of ME49 strain. 15, 16 However the pathogenicity depends on the strain of T.gondii used, the route of infection and the dose administered. 6 IL-22 is a cytokine of the IL-10 family that signals through heterodimeric receptors composed of IL-22Ra1, its specific subunit, and IL-10R2, a chain common to several IL-10 family members. 17, 18 IL-22 fixation to the membrane IL-22Ra1/IL-10R2 receptor, results in JAK/STAT signaling pathway activation. 19 A soluble receptor, the IL-22 binding protein (IL-22BP or IL-22Ra2) binds IL-22 with higher affinity than the membrane heterodimeric receptor 20 and acts as an antagonist by neutralizing IL-22
activity. [21] [22] [23] During DSS-induced colitis, IL-22BP was downregulated, enhancing IL-22 bioactivity and a tumor promoting effect in IL-22BP KO mice. 24 Further, IL-22BP antagonized the protective effect of IL-22 during DSS colitis in rats, 25 suggesting that the role of the soluble receptor in intestinal inflammation is still not yet fully understood. IL-22 plays a key role in bacterial defense. Indeed, IL-22 stimulates the expression of mucin, that prevents the physical NI  NI  NI  I  I  I  NI  NI  NI  I  I  I   B6  IL-22   -/-IL-22bp   -/-B6  IL-22   -/-IL-22bp   -/-NI  NI  NI  I  I  I  NI  NI  NI  I  I  I   B6  IL-22   -/-IL-22bp   -/-B6  IL-22   -/-IL-22bp   -/-NI  NI  NI  I  I  I  NI  NI  NI  I  I  I   B6  IL- Interleukin-22-deficiency and microbiota A Couturier-Maillard et al.
penetration of bacteria, MUC1, −3, −10, and −13 by colon epithelial cells in a STAT3-dependent manner. 26 Further, IL-22 confers protection via the STAT3 signalling pathway by inducing the production of antimicrobial peptides such as BD-2, BD-3, 27 S100A7-9, 28,29 lipocalin-2 (LCN2) 30 and Reg3β/γ. 12 Reg3 proteins, which belong to the family of secreted C-type lectins, have been reported to kill some Gram-positive bacteria by interacting with peptidoglycan carbohydrate, 31, 32 and are critical for intestinal cell growth 33 and microbiota localization in the small intestine. 34 Dysbiosis observed in IL-22-deficient mice was shown to be associated with altered Reg3β and Reg3γ expression 35 reinforcing the concept that IL-22 is important to maintain the intestinal microbiota via antimicrobial peptide production.
Qualitative and/or quantitative studies of changes of the intestinal microbiota revealed a dysbiosis upon T.gondii-induced intestinal inflammation characterized by a shift of bacterial composition to a majority of Enterobacteriaceae from Proteobacteria phylum and a reduced number of Bacteroidetes. [36] [37] [38] [39] [40] [41] Moreover, antibiotics treated mice showed a reduced T.gondii-induced small intestinal inflammation whereas re-colonization of these mice with defined Gram-negative species such as E.coli or Bacteroides/Prevotella causes increased intestinal inflammation after T.gondii infection. 42 Similarly, emergence of colitogenic bacteria belonging to E.coli species has also been detected in the ileal mucosa of patients with IBD. 43 Despite the fact that dysbiosis was well documented in response to T.gondii-infection, the role of IL-22 in microbiota maintenance remains to be addressed in this model of small intestinal inflammation. It is essential to understand by which mechanisms IL-22 can modulate intestinal immunopathology. Thus, here we report a protective role of endogenous IL-22 in small intestinal inflammation induced by oral infection with 35 cysts of T.gondii type II strain 76 K. We excluded the hypothesis that exacerbated inflammation in IL-22 -/-mice is linked to dysbiosis due to IL-22-deficiency or to an unpaired antimicrobial peptide production.
RESULTS
High susceptibility of IL-22-deficient mice to T. gondii-induced small intestinal inflammation T.gondii induces epithelial damage associated with neutrophil recruitment and Th1 inflammation. Il22 and Il22bp expression were examined over 8 days after T.gondii infection in the small intestinal mucosa (Fig. 1a) . Il22 messengers increase at 6 days post infection reaching a maximum at 7 days and progressing toward resolution at 8 days, while Il22bp expression is reduced on day 5-8 post infection. To examine the role of IL-22 and IL-22BP in intestinal inflammation, we infected IL-22
−/− and IL-22bp −/− mice by T.gondii. Despite a similar parasite load after infection (Fig. 1c) , IL-22-deficient mice showed a reduced survival (Fig. 1b) and augmented inflammation characterized by increased IFNγ, IL-1β, TIMP1, and KC (Fig. 1f) as compared to the wild-type controls. Histological analysis revealed an increased intestinal epithelium damages in IL-22 −/− mice as assessed by a severity score (Fig. 1d , e). Il18 expression was significantly reduced by T.gondii infection in B6 and was further reduced in IL-22 −/− mice. Reg3β and Reg3γ expression, known to be regulated by IL-22, were diminished in infected IL-22 −/− mice (Fig. 1g) , as well as the expression of Anterior gradient homolog 2 (Agr2) ( Figure 2C ) that is produced by Goblet cells and is essential for mucin production. 44 Expression of the Th17 pro-inflammatory cytokines Il17f and Il23a was increased in IL-22 −/− mice after infection as compared to infected B6 controls (Fig. 1g) .
IL-22 bioactivity may be regulated by the high-affinity soluble receptor, IL-22BP, and we hypothesized that in the absence of IL-22BP, might provide partial protection. [21] [22] [23] However, IL-22bp
mice showed similar survival (Fig. 1b) , histological features ( Fig. 1d , e), inflammation ( Fig. 1f) , expression of antimicrobial Reg3β/γ and Th17 cytokines, Il23a, and Il17f (Fig. 1g) as the control mice. In the absence of Toxoplasma infection, Reg3β/γ expression was higher in IL-22bp −/− mice than in B6 mice suggesting a downregulation of IL-22-controlled Reg3β/γ by IL-22BP under steady-state conditions (Fig. 1g) . Further, these data demonstrate a protective role of endogenous IL-22 in T. gondii-induced small intestine inflammation independent of parasite burden and that is not controlled by IL-22BP since the absence of IL-22BP has no effect on T. gondiiinduced intestinal inflammation.
Microbiota exacerbates T. gondii-induced small intestinal inflammation Since T.gondii causes epithelial cell damage at the intestinal entry site, it is hypothesized that translocated enteral microbes contribute to inflammation, which should be attenuated in germ-free mice. Indeed, Gram-negative bacteria play a role in Toxoplasma-induced small intestinal inflammation. [36] [37] [38] [39] [40] [41] To investigate whether Toxoplasma tachyzoites cause inflammation in the absence of intestinal bacteria, we performed T.gondii infection in germ-free mice.
In comparison to mice raised under specific pathogen free (SPF) conditions, T.gondii-induced mucosal inflammation was reduced with low levels of IFNγ, IL-1β, IL-22, TIMP1, KC, and MPO the intestine of infected germ-free (GF) B6 mice (Fig. 2a ). Reg3β and Reg3γ expression was also reduced in the absence of microbiota (Fig. 2b ), in accordance with previous studies. 31, 45, 46 Despite using a unique inoculum for infection, a reduced parasite load was observed in GF mice compared to SPF mice (Fig. 2c) . Histological analysis showed reduced, but still detectable epithelial damage and inflammation in the lamina propria of infected GF-B6 mice, suggesting direct damage of the intestinal epithelium by tachyzoites (Fig. 2d, e) .
However, even in the absence of microbiota some inflammatory markers such as IFNγ, IL-1β, MPO (Fig. 2a) , and histological score ( Fig. 2d) were significantly increased in infected GF-B6 mice in comparison to non-infected GF mice. Thus, the parasite T. gondii is able to cause injury of the intestinal epithelial barrier with inflammation in a germ-free environment, which is however exacerbated in the presence of normal intestinal microbiota.
The role of IL-22 in T.gondii-induced lesion in "sterile" intestinal inflammation was then investigated in GF-IL-22 -/-in comparison to GF-B6 mice. While similar production of IFNγ, IL-1β, TIMP1, and LCN2, and histological features were detected in the gut of IL-22
and B6 mice under GF conditions after T. gondii infection, Reg3b −/− and IL-22bp −/− infected (I) mice or non-infected mice (NI) (n = 4-6 mice per group). c Relative parasite load was determined by Q-PCR. d Representative photographs of HE staining performed on 3 µm-thick paraffin embedded sections of intestinal tissue. Scale bar=200 µm. e Cell infiltration, exudate, edema, and epithelium destruction was evaluated to determine the histological score, f IFNγ, IL-1β, TIMP1, and KC levels were determined by ELISA, and g Reg3b, Reg3g, Il23a and Il17f transcripts by Q-PCR. Values are representative of two independent experiments expressed as mean ± SEM. *, **, and *** refer to P < 0.05, P < 0.01 and P < 0.001, respectively. and Reg3g expression were clearly reduced. This is similar to the reduced Reg3β/γ expression in T. gondii-infected IL-22 -/-SPF mice (Fig. 1f) . Thus, the similar levels of inflammation in IL-22 −/− mice in the absence of microbiota suggest a contribution of IL-22
T. gondii-induced small intestinal inflammation is independent of Reg3β Toxoplasma infection causes significant reduction in Paneth cells number 47 and we confirmed that the absence of microbiota could prevent the Paneth cell loss as already observed by Raetz et al. 41 Moreover, Reg3β/γ, a c-type lectin with antimicrobial activity, can be controlled by IL-22, 12 as confirmed in Fig. 1g . The absence of IL-22, by down-regulating the production of Reg3β/γ, could thus influence the intestinal microbial composition which could lead to a dysbiotic state favoring T.gondii-induced small intestinal inflammation. We hypothesized that IL-22 −/− susceptibility to T.gondii is linked to Reg3β downregulation. We next assessed whether Reg3β is necessary for the development of intestinal inflammation caused by T.gondii by using Reg3b −/− mice. IFNγ, IL-1β, IL-22, TIMP1, MPO and LCN2 intestinal levels were not significantly different in Reg3b −/− than in wild-type B6 mice 7 days post T.gondii infection (Fig. 3a) . Moreover, similar destruction of intestinal epithelium and cell recruitment in the lamina propria were observed by histological analysis in Reg3b -/-and B6 mice (Fig. 3b, c) . These results show that the absence of Reg3β is not sufficient to exacerbate the intestinal inflammation induced by T. gondii. Thus, the exacerbation of T. gondii-induced d Histological score of cell infiltration, exudate, edema and epithelium destruction was performed on 3 µm-thick paraffin embedded section after HE staining. e Representative HE staining of intestinal tissue. Scale bar=200 µm. Values are expressed as mean ± SEM. *, ** and *** refer to P < 0.05, P < 0.01 and P < 0.001, respectively.
Interleukin
small intestinal inflammation seen in IL-22 −/− mice is not reproduced by the sole absence of Reg3β.
Fecal transplantation of IL-22
−/− microbiota to B6 mice does not transfer susceptibility to T.gondii We further asked whether IL-22
-derived microbiota could contribute to small intestinal inflammation exacerbation. Indeed, T.gondii is able to induce Gram-negative bacteria overgrowth in the small intestine of WT mice. [36] [37] [38] [39] [40] [41] Thus, the pre-existing dysbiosis of IL-22
−/− mice 35 may also influence the pathogenesis of T.gondiiinduced small intestinal inflammation. Several studies reported that a dysbiotic state predisposes to intestinal inflammation [48] [49] [50] and we showed that in the absence of microbiota similar intestinal inflammation was detected in IL-22 −/− and B6 mice. To examine whether IL-22-driven dysbiotic microbiota promotes Toxoplasma small intestinal inflammation in IL-22 −/− mice, fecal transplantation from SPF-IL-22 −/− mice (or SPF-B6 control mice) to GF-B6 mice was performed, followed by T.gondii oral infection after 3 weeks of fecal colonization. Interestingly, GF-B6 mice colonized by SPF B6-derived microbiota (B6>GF-B6) or SPF-IL-22
>GF-B6) presented similar production of IFNγ, KC, IL-22, TIMP1, MPO, LCN2 (Fig. 4a ) and intestinal inflammation (Fig. 4b, c ).
An analysis of microbiota diversity and composition 3 weeks after colonization confirmed a dysbiotic state in mice colonized by IL-22 (Fig. 4e) .
Thus, the transplantation of IL-22 −/− mice derived microbiota to B6 mice did not transfer the phenotype of exacerbated intestinal inflammation seen in IL-22 −/− mice suggesting that IL-22-deficiency itself is responsible for the pathology.
DISCUSSION
Here we demonstrate that the intestinal inflammation observed in B6 mice in response to oral T. gondii 76K strain is exacerbated in the absence of IL-22. This phenotype seems independent of the reduced Reg3β antimicrobial peptide expression and of microbiota as fecal transplantation was not able to increase germ-free B6 susceptibility.
IL-22 has dual functions, either protective by repairing epithelium and controlling antimicrobial peptide production, or 
Fig. 3 Small intestinal inflammation is independent of Reg3b expression. a-d B6 and Reg3b
−/− mice were infected (I) or not (NI) by 35 cysts of T.gondii and intestinal samples were collected 7 days post infection (n = 4-5 mice per group). a IFNγ, IL-1β, IL-22, TIMP1, MPO, and LCN2 levels were determined by ELISA b Histological score of cell infiltration, exudate, edema and epithelium destruction was performed on 3 µm-thick paraffin embedded section after HE staining. c Representative HE staining of intestinal tissue. Scale bar: 200 µm. Values are expressed as mean ± SEM. *, **, and *** refer to P < 0.05, P < 0.01 and P < 0.001, respectively.
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deleterious, contributing to inflammatory pathology, depending on tissue localization and cytokinic context. Indeed, IL-22 is involved in inflammation in lungs 51 and skin 52 but has protective effects in hepatic steatosis 53 and experimental colitis induced by DSS or Citrobacter rodentium.
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Here we underline again the dual role of IL-22 in response to parasitic infection. Previous studies showed that IL-22 plays a deleterious role in response to high dose (50-100 cysts) of type II ME-49 T.gondii strain 15, 16 within the ileal compartment. In the present study, we report that IL-22 protects against small intestinal inflammation induced by low dose (35 cysts) of type II 76K T.gondii strain. We were surprised by the different susceptibility to closely related T.gondii strains. T.gondii was mostly described as inducing inflammation of the ileum for both 76,000 and ME-49 strains 42, 54 but we observed that essentially the jejunum was inflamed by the 76K strain, similarly to what was reported with Pru type II strain by Gregg et al. 55 ME-49, Pru, and 76K T.gondii strains all belong to type II strains and the tissue area analyzed can explain some of the phenotypic differences. However the different outcomes might be due to yet unknown differences in virulence of the T.gondii strains and the infective dose used. 6 The 76K stain used here, orally at low dose, induces small intestinal inflammation mimicking what can be observed in IBD. Furthermore, CD pathology in humans is associated with increased IL-22 expression, as in our model. [7] [8] [9] Raetz et al. 41 performed histological analysis of intestinal pathology caused by ME49 T.gondii strain and did not observe any differences between non-infected and infected germ-free mice. Our microscopic investigation combined with cytokine and protein analysis in the intestinal mucosa revealed a weak but distinct intestinal inflammation with production of IFNγ, IL-1β, MPO in response to T.gondii 76K strain in germ-free B6 mice.
The microbiota is required for intestinal injury and inflammation induced by 76K stain, but T.gondii per se can directly cause small intestinal damage and a weak intestinal inflammation under germ-free conditions. In accordance with our data, ME49 straininduced intestinal inflammation is greatly increased in the presence of microbiota 41, 42, 60 suggesting that intestinal inflammation is induced by both 76K and ME49 strains and exacerbated by microbiota. Interestingly, we observed a reduced parasite load in the absence of microbiota. This suggests that bacteria could maintain a close association between the parasite and the epithelial cells that improves parasite ability to invade the mucosa, regardless of the strain. On the contrary, in absence of microbiota, parasite could be eliminated easier.
We first hypothesized that IL-22-mediated mechanism, that protects mice from intestinal inflammation, was microbial composition control via the production of antimicrobial peptides as Reg3β. We observed that the inflammation was Reg3β-independent and that, despite the pre-existing dysbiosis induced by IL-22-deficiency, 35 the microbiota did not contribute to IL-22 −/− mice enhanced susceptibility to T.gondii-induced small intestinal inflammation. Indeed, the fecal transplantation from IL-22 −/− to B6 mice did not transfer the higher susceptibility to the parasite.
As the inflammation process seems to be independent of dysbiosis, this suggests that other mechanisms are involved. Three hypotheses explaining how IL-22 controls intestinal pathology may be formulated:
(i) IL-22 induces IL-18 production independently of the microbiota 58 and we observed reduced IL-18 expression in IL-22 −/− mice and reduced IL-18 expression during T.gondii infection suggesting that IL-22 confers protection though IL-18 regulation.
(ii) Anterior gradient homolog 2 (AGR2) is a protein produced by goblet cells essential for mucin production 44 and IL-22 has an important positive effect on goblet cell function.
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AGR2 expression was reduced after T.gondii infection in IL-22 −/− mice in comparison to B6 infected mice suggesting that mucus production is affected in the absence of IL-22. In the intestine, the mucus layer is a barrier that can prevent the parasite from infecting epithelial cells as suggested in the literature. 55 Thus, IL-22 could reduce inflammation by preventing intestinal cell invasion by parasites by regulating mucus production. (iii) Increased IL-17 might enhance T.gondii-induced small intestinal inflammation, as IL-17Ra-deficiency conferred protection to ileitis, as reported by Guiton et al. 54 Our results showed an increased expression of Il23a and Il17f in IL-22 mice as compared to B6. It appears that compensatory mechanisms take place in the absence of IL-22, leading to increased IL-17 expression with exacerbation of inflammation. In addition, IL-17 can be affected by the microbiota composition. Indeed, deficiency in IL-22 −/− allows the expansion of Segmented Filamentous Bacteria (SFB) 56 (and our unpublished data), known to promote Th17 cells and IL-17 expression. 57 Moreover, microbiota is necessary to the immune system development, including Th17 cell development. 61 Thus, the absence of differences in the inflammatory state between B6 and IL-22 -/-mice under germ-free conditions could be attributed, at least partly, to the impaired Th17 response. As IL17/IL-22 balance seems to play an essential role in the inflammation induced by the T.gondii 76 K strain, the IL-22-mediated mechanism that controls inflammation may be the increased IL-17 production via the control of microbiota composition.
In summary, we demonstrated that enteral T.gondii infection (76 K strain) causes intestinal epithelial injury and inflammation in the absence of microbiota. IL-22 plays a key role in regulating intestinal inflammation as IL-22-deficiency increases susceptibility to T.gondii infection. (kindly provided by Iovanna JL) were bred in our specific pathogen free (SPF) animal facility at TAAM-CNRS, Orleans, France. B6 and IL-22 were derived by aseptic cesarean and maintained germ-free in sterile isolators at TAAM-CNRS. All KO mice were on the C57BL/6 J genetic background. Mice were maintained in a temperature-controlled (23°C) facility with a strict 12 h light/dark cycle and were given free access to food and water. The experiments were performed with male mice aged 8-10 weeks with at least 3 weeks of adaptation time. >GF-B6) fecal microbiota. 3 weeks postcolonization mice were infected (I) or not (NI) by 35 cysts of T.gondii and intestinal samples were collected 7 days post infection (n = 3-6 mice per group). a IFNγ, KC, IL-22, TIMP1, MPO and LCN2 levels were determined by ELISA and b Histological score of cell infiltration, exudate, edema and epithelium destruction was performed on 3 µm-thick paraffin embedded section after HE staining. c Representative HE staining of intestinal tissue. Scale bar=200 µm. d Microbial beta diversity, e Phylum (left panel) and family (panel right) composition were analysis in donor mice fecal samples and on feces collected 3 weeks after fecal transplantation by 16S rDNA sequencing. Values are expressed as mean ± SEM. *, **, and *** refer to P < 0.05, P < 0.01 and P < 0.001, respectively.
MATERIALS AND METHODS
Toxoplasma gondii infection T.gondii 76K stain cysts were prepared by homogenization of brain tissue extracted from infected CBA/J mice that had been orally infected with 10 cysts eight weeks earlier. Numeration of cysts was performed by counting eight times 10 µL samples of this homogenate. The brain suspension containing cysts was diluted in order to contain 35 cysts for C57BL/6 J mice strain and 10 cysts for CBA/J mice strain per 200 µL and was administered intragastrically to each animal by gavage. C57BL/6J mice were orally infected with 35 cysts of the 76 K strain, as described above and necropsy was performed at day 1-8 post infection.
Fecal transplantation Germ-free C57BL/6 J (B6) mice were generated at TAAM-CNRS by aseptic cesarean and keep under germ-free condition in sterile isolators. Transplantation by 200 µL of fecal homogenates from SPF-IL-22 −/− mice or SPF B6 mice was administered intragastrically to each animal by gavage. After 3 weeks of colonization, mice were infected by 35 cysts of T.gondii (as mentioned above) in isolators. After 7 days of post infection mice were transferred aseptically to be killed and necropsied under sterile conditions. ELISA The small intestine (~100 mg) was homogenized in 1 mL of PBS and supernatants were tested for MPO, LCN2, IFNγ, IL-1β, TIMP1, IL-22, and KC/CXCL1 using commercial ELISA kits (R&D systems) according to the manufacturer's instructions. Concentrations were normalized with organ weight and expressed in quantity per g of tissue.
RNA extraction and qPCR in the small intestine Small intestine from control and infected B6 mice was collected, snap-freezed in liquid nitrogen and keeped at −80°C. Total RNA was isolated from 100 mg of intestinal tissue homogenized with 1 mL of TRI Reagent® (Sigma) using TRIzol/Chloroform extraction. RNA was then precipitated in isopropanol, washed with 75% ethanol and resuspended in RNase-free water. Reverse transcription was performed on 1 µg of RNA using GoScript Reverse transcription system (Promega). Quantitative real-time PCR were realised on cDNA obtained using primers for IL-22, IL-22bp, Il17f, Il23a, Reg3b, Reg3g, Il18, and Agr2 (Qiagen), GoTaq® qPCR-Master Mix (Promega) and detected on a Stratagene Mx3005P (Agilent technologies). At the end of the PCR amplification, a DNA melting curve analysis was carried out to confirm the presence of a single amplicon. Gapdh expression was used for normalization of transcript levels. Relative mRNA levels were determined using (2 Fecal DNA extraction and microbiota analysis Fecal, genomic DNA was extracted from the weighted stool samples using a method that was previously described, 64 which is based on the Godon DNA extraction method. 16 s rRNA gene sequencing of the fecal DNA samples was performed as previously described. 64 Briefly, the V3-V4 region was amplified, and sequencing was performed on an Illumina MiSeq platform (GenoScreen, Lille, France). Raw paired-end reads were subjected to the following process: (1) quality-filtering using the PRINSEQ-lite PERL script by truncating the bases from the 3′ end that did not exhibit a quality below 30, on the basis of the Phred algorithm; (2) pairedend read assembly using FLASH (fast length adjustment of short reads to improve genome assemblies) (Schmieder, R. & Edwards, R). Quality control and preprocessing of metagenomic datasets 65 with a minimum overlap of 30 bases and a 97% overlap identity; and (3) search and removal of both forward and reverse primer sequences using CutAdapt, with no mismatches allowed in the primer sequences. Assembled sequences for which perfect forward and reverse primers were not found were eliminated. Sequencing data were analyzed using the quantitative insights into microbial ecology (QIIME 1.9.1) software package. The sequences were assigned to OTUs using the UCLUST algorithm 66 with a 97% threshold of pairwise identity and classified taxonomically using the Greengenes reference database. 67 Rarefaction was performed (15,000 sequences per sample) and used to compare the abundance of the OTUs across samples. The alpha diversity was estimated using both the richness and evenness indexes (Chao1, Shannon or number of observed species). The beta diversity was measured by using the Bray Curtis distance matrix and was used to build the PCoA. The linear discriminant analysis (LDA) effect size (LEfSe) algorithm was used to identify taxa that were specific to the diet or treatment 68 
Histology
The small intestine was, fixed in 4% buffered formaldehyde and paraffin embedded under standard conditions. Tissue sections (3 µm) were stained with hematoxylin and eosin. The inflammatory cell infiltrate, exudate, edema and mucosal and epithelium destruction were assessed by a semi-quantitative score from 0 to 3 (with increasing extent) by two independent observers as described in Table 1 . Paneth cell number was evaluated as described in Table 2 .
Statistical analysis Data were analyzed using Prism version 5 (Graphpad Software, San Diego, CA 
